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Western Iran is an important dust source region in Middle East, with strong dust

activities occurring in springtime. Based on a three-hourly meteorological

station data, remarkable decadal change of dust frequency in the spring

season has been found in the west and southwest of Iran, with less dust

activities during 1992–2005 (hereafter as “P1”) and more frequent dust

activities occurring during 2006–2015 (hereafter as “P2”). The decadal

change signal in dust activities is closely associated with the corresponding

decadal difference in precipitation and atmospheric moisture transportation in

the region. Compared with P1 period during 1992–2005, anomalous moisture

divergence over the center of Middle East can be found in P2 period during

2006–2015, suggesting less moisture transport to the western Iran from the

Arabian Sea, Red Sea, and the Persian Gulf, hence there is relatively less

precipitation and dry soil moisture over the main dust source regions in the

study region, which is favorable for more frequent dust emissions in P2 period.

Meanwhile, westerly anomaly in P2 period can also be found in western Iran and

upstream regions, such as Iraq and Syria, which is favorable for more dust

transport to western Iran from upstream dust source region in Middle East.

Furthermore, negative SST anomalies in central and western North Pacific and

positive SST anomalies in the eastern North Pacific can be found in P1 period,

which is corresponding to positive phase of Pacific Decadal Oscillation (PDO).

Conversely, a negative phase of PDO can be found during P2 period. This

suggests that PDO is the key influential factor for the decadal change of spring

dust activities in western Iran.
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1 Introduction

Dust aerosol plays a pervasive role in the Earth system (Goudie and Middleton 2006;

UNEP, 2016). Large amounts of dust emit in the dust source areas of the Earth, which can

be transported over thousands of kilometers and deposited far away from the source

regions (Shao et al., 2011; Van der Does et al., 2018). The main dust sources of the world
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are mostly located in dry and semi-dry lands with sparse

vegetation, and alluvial plains (Prospero et al., 2002; Ginoux

et al., 2012).

Middle East is one of the key dust sources in the world

(Prospero et al., 2002; Ginoux et al., 2012; Wu et al., 2020). Air

quality in the Middle East is strongly affected by dust aerosol,

posing a serious threat to human health (Fountoukis et al.,

2020). There are large regions prone to dust emission in

Middle East, with the Iraqi Alluvial plain, the Syrian

Desert, and Rub al-Khali and Ad-Dahna deserts in Saudi

Arabia being identified as major dust sources (Draxler

et al., 2001; Goudie and Middleton, 2001; Léon and

Legrand, 2003). In general, dust emissions strongly depend

on meteorological factors (precipitation, near-surface winds,

etc.) and land surface conditions (soil moisture, soil

properties, and surface vegetation cover, etc.) (Qian et al.,

2002; Shao et al., 2011; Wu et al., 2018). The meteorological

factors are subject to the large-scale circulations and they vary

greatly with time, which leads to the strong temporal

variations of dust activity in Middle East.

Previous studies have shown that there is remarkable

variability in dust activity in Middle East in interannual to

decadal time scale, which are closely associated with the

variation in large-scale circulation and sea surface

temperature (SST) (e. g., Yu et al., 2015; Pu and Ginoux,

2016; Kamal et al., 2020). In particular, there is a significant

decadal enhancement of dust activity in Saudi Arabia, which is

suggested to be linked to prolonged drought and the

consequent reduction in vegetation cover across the Saudi

Arabia and upstream region in Sahel (e.g., Piccarreta et al.,

2006; Zoljoodi et al., 2013). A relatively high dust period is

found in late 1980s and early 1990s, indicating there is a 10-to-

16-years cycle in dust activity in Saudi Arabia (Yu et al., 2015).

However, few studies have been conducted to investigate the

decadal variations of dust activity in other countries of Middle

East other than Saudi Arabia. Since there is large difference in

the temporal variations of dust activity in different regions of

Middle East due to the different influencing factors (Furman,

2003), it is unclear whether there is also a decadal change in

dust activity in other countries as Saudi Arabia. As found in

East Asia and North Africa, the occurrence of dust storms is

closely associated with an anomalous atmospheric circulation

pattern (e.g., Fan and Wang, 2004; Ding et al., 2005; Gong

et al., 2006; Fan et al., 2016; Francis et al., 2018). So, if the

decadal variation of dust activities in Middle East is driven by

similar large-scale circulation, it is likely that the dust activity

might show similar decadal variations as in Saudi Arabia (Yu

et al., 2015; Jin et al., 2021).

As a key dust source region in Middle East, Western and

southwestern Iran is a regional belt of high-frequency dust

outbreaks (Alizadeh-Choobari, et al., 2016; Kamal et al., 2020;

Broomandi et al., 2021). It is found that dust activity is this

region shows different variability from other regions in Iran

(e.g., Alizadeh-Choobari, et al., 2016; Rashki et al., 2021). The

main reason is that this region can be affected not only by the

local dust events, but also by dust aerosols transported from

upstream regions, such as Saudi Arabia and Syria (e.g.,

Boloorani et al., 2014; Alizadeh-Choobaril et al., 2016;

Alizadeh-Choobaril and Najafi 2018; Namdari et al., 2018;

Kamal et al., 2020). Taking this region as the focus domain, we

will try to investigate whether there also exists decadal change

of dust activity in western Iran, and what is the roles of local

meteorological factors and the associated atmospheric

circulation on these possible decadal changes, as well as its

possible linkages to the sea surface temperature (SST)

anomaly signals.

The paper is organized as follows. Section 2 introduces the

research data and methodology. In Section 3 the results of

decadal dust variations and underlying mechanisms are

presented. Finally, conclusions and discussions are given in

Section 4.

2 Data and methodology

2.1 Observation data

The dust weather data were extracted based on the code

of the present meteorological observation, i.e., a

description of the weather phenomena present at the

time of observation. The three-hourly weather code from

10 meteorological stations across western Iran during

1979–2018 are used in this study, which are provided by

the Islamic Republic of Iran Meteorological Organization

(IRIMO). The dust-related weather codes are listed in

Table 1. The spatial distribution of these stations is

illustrated in Figure 1.

In this study, a day was considered a “dusty day” if any

dust-related weather code (06–09, 30–35, 98) is reported once

during the day, following Shao and Wang (2003). Dust events

are further classified into two categories: dust outbreak

(present weather code 07–09; 30–35; 98) and dust-in-

suspension (present weather code 06). The numbers of days

for either category and all dust events are also derived. Then

three types of dusty day frequency (DDFs) were derived: 1)

Dust Outbreak Day Frequency (DODF), 2) Dust-in-

Suspension Day Frequency (DiSDF), and 3) Dust Event

Day Frequency (DEDF). Following Kamal et al. (2020), for

a given station, the monthly frequency of dust day for each

category is calculated by dividing the number of dust days for

a specific category by the total number of days with available

weather observations in a specific month. The months with

missing observations more than 5 days were excluded. The

regional mean DDF time series is based on the average of the

10 observation stations. The interannual variations of DDF is

very consistent with the MODIS dust optical depth in the
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recent 2 decades when MODIS observations (Song et al., 2021)

are available (Supplementary Figure S1).

As we focus on the decadal variation of spring dust

activities over western Iran, the linear trend has been

removed from the original DDFs dataset, then a 9-years

running mean is further applied to the time series of all

DDFs. The spring season in this study refers to the months

of March, April, and May.

Time series data of monthly accumulated precipitation at

10 synoptic stations over western Iran during the period of

1979–2018 are obtained from IRIMO. In addition, monthly

precipitation dataset from the Global Precipitation

Climatology Centre (GPCC) Version 7, with a spatial

resolution of 1° × 1° (Schneider et al., 2017), is also used to

calculate precipitation anomalies.

In order to investigate the role of vegetation cover change,

we also use leaf area index (LAI) from Moderate-Resolution

Imaging Spectroradiometer (MODIS) during 2000–2018

(Myneni et al., 2015). MODIS LAI is provided continuously

every 8-days on a 0.05° × 0.05° grid. Note that although

MODIS observation is only available in a shorter period

(i.e., after year 2000) compared to dust and precipitation

observations, vegetation cover difference between two

periods of high dust and low dust activity, respectively, can

be calculated and thus is also shown to demonstrate its role in

dust variations.

2.2 Reanalysis data

To demonstrate the variations of meteorological

conditions associated with decadal changes of DDF,

we also use the ERA5 reanalysis, which is the fifth

ECMWF atmospheric reanalysis of the global climate

(Hersbach et al., 2020). For this study, we use specific

humidity (q), zonal (u) and meridian (v) wind at the

27 different atmospheric levels, sea level pressure (SLP),

sea surface temperature (SST), and geopotential at

850 hPa from ERA5. ERA5 reanalysis is provided

originally at ~30 km grid and is interpolated to 0.25° ×

0.25° for public use.

We also use the soil moisture from ERA5-Land. ERA5-Land

is generated by replaying the land component of the

ERA5 climate reanalysis but at a higher-resolution (~9 km)

and with an elevation correction for the thermodynamic near-

surface state (Muñoz-Sabater et al., 2021). The data is

interpolated to 0.1° × 0.1° for public use. Soil moisture in the

topsoil level (0–7 cm) is used. To identify the decadal change of

the atmospheric water vapor transport, the vertically integrated

moisture flux (VIMF) is also calculated by the following equation

(Li et al., 2009):

VIMF � −1
g
· ∫Ptop

Psurf
(zuq
zx

+ zvq
zy

) · dp

where q is the specific humidity; u and v are the x- and

y-components of the wind, respectively; p is the pressure;

Psurf is the surface pressure; Ptop is the pressure at the top of

the atmospheric layer; and g is the acceleration due to gravity.

VIMF is calculated by integrating the horizontal moisture flux

convergence over the lower to middle layers of troposphere

(1,000–700 hPa). Note values of VIMF is expressed in units of

10–5 kg m−2s−1.

To remove the long-term trend signal, all calculations are

based on the linear detrended data for the period 1979 to 2018.

We use the t-test to determine the significance of the correlation

coefficient between climatic factors and dust-day frequency, as

well as the significance of the difference between two selected

periods, as shown in Section 3.

3 Results

3.1 Decadal change of spring dust activity

Figure 2 shows the time series of spring dust days’ frequency

for DODF, DiSDF, and DEDF in western Iran from 1979 to

2018, and their corresponding 9-years running means. There

are apparent interannual variations of DDF in the region, which

TABLE 1 Phenomena related to dust according to the World Meteorological Organization (WMO) weather codes.

Synoptic code Weather description

06 Widespread dust in suspension in the air, not raised by wind at or near the station at the time of observation

07 Dust or sand raised by wind at or near the station at the time of observation, but no well-developed dust or sand whirl, and no dust
storm or sandstorm seen

08 Well-developed dust or sand whirl seen at or near the station during the preceding hour or at the time of observation, but no dust
storm or sandstorm

09 Dust storm or sandstorm within sight at the time of observation or at the station during the preceding hour

30–32 Slight or moderate dust storm or sandstorm

33–35 Severe dust storm or sandstorm

98 Thunderstorm combined with dust storms or sandstorms at time of observation, thunderstorm at time of observation
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is also presented in Kamal et al. (2020). The interannual

variations are underlain by the strong decadal variations. It

is found that dust activities are relatively weaker during

1992–2005 (hereafter P1), with negative anomalies of dust

day frequency, but strong positive anomalies of dust day

frequency from 2006 to 2015 (hereafter P2) can also be

found, suggesting that dust activities are stronger during

2006–2015. The most extreme DiSDF (normalized

anomalies = 1.5–2.0) occurred in western Iran during

2007–2012, which is consistent with the peak of dust

activities in Saudi Arabia (Yu et al., 2015) and Syria (Pu and

Ginoux, 2016). DODF shows similar variations with DiSDF in

most years, but they differ greatly during 2009–2018 when

DiSDF shows significantly decreasing trends while there is no

apparent decreasing trend in DODF. This can be explained by

the fact that DODF indicates local dust emission while DiSDF

indicates dust transport from upstream regions in addition to

dust suspension after local dust emission. According to the

temporal variations, we can identify two periods, with relatively

weak dust activities in P1 during 1992–2005, and relatively

strong dust activities in P2 during 2006–2015.

As precipitation is an important factor not only for the

suppression of dust emission but also for the wet deposition of

dust, it greatly modulates the dust activities (e.g., Zoljoodi

et al., 2013; Kamal et al., 2020). In western Iran, in P1 (P2),

positive (negative) precipitation anomaly corresponds well

with weaker (stronger) dust activities. This suggests that

both the DODF and DiSDF are regulated by spring

precipitation on the decadal time scale. The correlations

between dust days’ frequency and precipitation are strong

with the correlation coefficients −0.58 and −0.51,

respectively for DODF and DiSDF in western Iran. In next

sections we will further examine the role of climatic factors and

atmospheric circulation in the Middle East on the decadal

DiSDF changes.

3.2 Decadal differences in climatic factor
and associated atmospheric circulation

Figure 3 shows the anomalies of precipitation and soil

moisture in spring during P1 and P2 relative to the

climatological mean from ERA5 and ERA5-Land, respectively.

We can find that there is a notable decadal difference of

precipitation over western Iran and surrounding regions

between P1 and P2. The anomaly of spring precipitation is

positive (+2 mm/month) in most parts of the region,

especially in western Iran and upwind areas (Iraq and

Arabian Peninsula) for P1, while precipitation anomaly is

negative (−1.8 mm/month) for P2 in this region (Figures

3A,B). The soil moisture in the topsoil layer also shows a

similar pattern of anomalies as precipitation (Figures 3C,D) in

FIGURE 1
Map of Iran in the Middle East with the shaded land cover product of MODIS (MCD12Q1; Friedl and Sulla-Menashe 2015) and the topographic
map of western and southwestern Iran. The stations used for three-hourly dust observations in this study are shown with green circles.
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most regions, with regional averages + 1.5 and −1.5 m3 m−3 for

P1 and p2, respectively. Note that in the southwestern part of

Iran, there is some difference between precipitation anomaly and

soil moisture anomaly. In this region, there is only weak dry

anomaly in precipitation in P2, but there is large soil moisture

deficit in the region, which may be due to enhanced evaporation

during the period compared to P1 due to the increase of surface

temperature.

The less precipitation and smaller soil moisture in P2 have

led to a smaller vegetation cover (in terms of LAI) in P2

(Supplementary Figure S2). Although LAI data is not available

for a whole period of P1, compared to the period of 2000–2005 (a

part of P1) when MODIS LAI data is available, LAI is

significantly smaller in western Iran and surrounding regions

in P2, which can also contribute to the fact that DiSDF is larger in

P2 than in P1. This is consistent with conclusions from previous

studies (e.g., Kelley et al., 2015; Notaro et al., 2015), which

pointed out that the reduced vegetation covers and

agricultural collapse across these regions after 2007 was

favorable for dust generation and transport to neighboring

regions.

Atmospheric water vapour transport is the moisture

source for western Iran. Figure 4 shows the mean of

vertical profiles of water vapor flux in P1, P2, and

climatology for the whole period (1979–2018). The results

revealed that during the weak dust period, low level

westerlies are strengthened at about 700 hPa which

displaces the meridional transport to lower to lower

levels. Hence, the strong water vapour transport (1.5 ×

10−5 kg m−2 s−1) induced by westerlies is associated with

enhanced precipitation during P1 over the Middle East.

Conversely, the P2 period is characterized by weak water

vapour transport (1.3 × 10−5 kg m−2 s−1) than climatology.

Hence, the observed precipitation deficit over the region

during P2.

Figure 5 further shows the climatology of vertically

integrated moisture flux (VIMF) and its convergence/

divergence and their anomalies corresponding to the

decadal variation of spring DiSDF over western Iran. In

general, atmospheric moisture sources for Iran are mainly

Mediterranean Sea in the northwest, oceans to the south such

as Red Sea, Arabic Sea, and Persian Gulf, and water vapor is

transported toward Iran by Saudi Arabia Dynamic High-

Pressure System and Sudan’s Low-Pressure System (e.g.,

Heydarizad et al., 2018; Darand and Pazhoh 2019)

(Figure 5A). In P1, the VIMF convergence flux flow is

much higher in western Iran and upwind areas of Iraq and

Arabian Peninsula in the lower to middle layers of the

troposphere (VIMF: 0.03 × 10−5 kg m−2 s−1), which is

consistent to the positive precipitation anomalies in this

period (Figure 5B). In P1, water vapor transported into

Middle East from the Arabian Sea and Red Sea is enhanced,

leading to more convergence in western Iran. Unlike P1, in

P2 the northward and eastward water vapour transport to

FIGURE 2
Time series of spring (A) dust days’ frequency; Dust Outbreak Day Frequency (DODF; blue line), Dust-in-Suspension Day Frequency (DiSDF; red
line), and Dust Event Day Frequency (DEDF; black line) along with precipitation (PER; green line) from 1979 to 2018 and (B) their corresponding 9-yr
running means in western Iran (1983–2015).
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western Iran is reduced (VIMF: 0.01 × 10−5 kg m−2 s−1), leading

to less water vapour convergence and thus less precipitation

over western Iran and surrounding regions in this period

(Figure 5C).

In addition to precipitation, surface wind is another

factor that strongly affects dust emission. In the spring,

predominant wind direction is west over most parts of

western Iran, northwest over the alluvial plain in Iraq, and

east over Rub al-Khali and Ad Dahna Desert in Arabian

Peninsula (Figure 6A). Figures 6B,C shows the anomaly of

UV-wind in lower layers of the troposphere (averaged at the

levels of 1,000, 975, 950, 925, 900, 875, 850 hPa) over center

of the Middle East in the periods P1&P2. Compared to

climatology during 1979–2018, the spring wind speed over the

Shamal region is relatively lower in P1, while it is relatively higher in

northern Iraq, Syria, and west part of Iran in P2, which leads to both

greater dust transport from upstream regions to western Iran and

larger local dust emission in western Iran. From the upstream dust

sources for western Iran is mainly the Tigris-Euphrates basin in Iraq

(Rezazadeh et al., 2013; Notaro et al., 2015; Mohammadpour et al.,

2021), Syrian desert in Syria and Jordon (Zoljoodi et al., 2013;

Sotoudeheian et al., 2016).

3.3 Linkage with decadal change of sea
surface temperature

The decadal shift in atmospheric circulation can be

closely linked to the variations of sea surface temperature.

As shown in Figure 7A, associated with the low DiSDF in P1,

FIGURE 3
The anomalous spring precipitation (unit: mm) and soil moisture (unit: m3 m−3) corresponding to the decadal variation of spring DiSDF over
western Iran for the (A,C) P1 (1992–2005) and (B,D) P2 (2006–2015) periods. The climatology (Clim) of precipitation and soil moisture is calculated
for the 1979–2018 and 1981–2018 periods, respectively. The black dots indicate the statistical significance at the 95% confidence level.
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there exist negative SST anomalies in central and western

North Pacific and positive SST anomalies in the eastern

North Pacific, which is corresponding to positive phase of

Pacific Decadal Oscillation (PDO). In P2 period, the pattern

of SST anomaly is almost opposite to that in P1 (Figure 7B),

with positive SST anomalies found in central and western

North Pacific, and negative SST anomalies found in the

eastern North Pacific. The pattern of SST anomalies in

Pacific Ocean during P2 period resembles that for negative

phase of PDO. Besides the SST anomaly signal in Pacific

Ocean, opposite SST anomalies can also be found in Indian

ocean for P1 and P2 period, with positive SST anomalies

found in Indian Ocean and Arabian Sea in P1 period, and

opposite anomalies found for P2 period.

Figure 8 shows the time series of Pacific Decadal

Oscillation (PDO), Indian Ocean Basin Mode (IOBM)

and Indian Ocean Dipole (IOD) indices in MAM and

DiSDF over western Iran, as well as their 9-years running

mean. From Figure 8A, we can find the correlation

coefficient between PDO and DiSDF is about −0.34 in

interannual time scale, which is statistically significance

at 95% confidence level.

In decadal time scale, the variation of PDO and DiSDF are

quite opposite (Figure 8B), with correlation coefficient

of −0.54, which is statistically significant at the 99%

confidence level (Table 2). This implies that PDO is a key

influential factor for the decadal change of dust activities in

western Iran. During negative PDO phase in P2 period, it is

also the high dust period, while in the low dust period in P1,

the PDO is in its positive phase (Figure 8B). Pu and (Ginoux

et al., 2012) has revealed that there exists a significantly

negative correlation between the dust activities in Syrian

and the PDO in spring at interannual time scale from

2003 to 2015. The results from our study further

demonstrate that, at the interdecadal time scale, PDO also

play an important role in modulating the dust variations in

Middle East.

For the impacts of Indian Ocean, we can find from

Figure 8A that the correlation between DiSDF and IOBM

is −0.29, and correlation between DiSDF and IOD is 0.19. Both

of them are not exceeding the 90% significance level,

suggesting that the DiSDF is not affected by IOD and

IOBM in interannual time scale.

The correlation between DiSDF and IOBM, IOD at decadal

time scale are shown in Table 2, and we can find that the

correlation coefficient between IOBM and DiSDF is −0.43,

which is statistically significant at the 99% confidence level,

although it is lower than the correlation coefficient for PDO.

The correlation coefficient between IOD index and DiSDF is

weak, with the value of −0.29, which is not statistically

significance at the 90% confidence level. This result suggests

that in addition to Pacific Ocean, decadal variation of IOBM

might also play an important role in modulating the decadal dust

variations in western Iran.

Previous studies have suggested that the decadal IOBM

variations may be a response to the remote forcing from North

Pacific Ocean and thus modulated by PDO (Han, Meehl et al.,

2014; Han, Vialard et al., 2014; Dong et al., 2016). From

Table 2, a strong positive correlation between PDO and IOBM

is found, with correlation coefficient reaching 0.61, which is at

statistically 99% confidence level. In order to distinguish

whether the impact of IOBM on dust variations in western

Iran in decadal time scale is distinct from that for PDO, we

further use partial cross-correlation analysis (Yuan et al.,

2015) to re-calculate the correlation among PDO, IOBM,

and DiSDF. The results show that, after removing the

influence of PDO, there is no significant correlation

between DiSDF and IOBM in decadal time scale

(R = −0.14). However, after excluding the IOBM signal, the

correlation between DiSDF and PDO in decadal time scale is

kept strong and significant (-0.39; statistically significant at

the 95% confidence level). These results imply that POD plays

a determining role on both IOBM and DiSDF, and IOBM may

serve as an intermediary between PDO and DiSDF in

western Iran.

FIGURE 4
Climatology of vertical profile of water vapour transport (unit:
10−5 kg m−2 s−1) over Middle East (22–38°N; 42–56°E)
corresponding to the decadal variation of spring DiSDF over
western Iran for the P1 (1992–2005; blue lines) and P2
(2006–2015; red lines) periods. The climatology of water vapour
transport (black lines) was calculated for the 1979–2018 period.
The solid lines indicate zonal transportation, while the dashed lines
represent the meridional.
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Figure 9 shows the anomalies of geopotential height and

wind at 850hpa over the Arabian Peninsula for P1 and

P2 period respectively. We can find that there exist

negative anomalies of geopotential height at 850 hpa over

most part of the Arabian Peninsula in negative PDO phase

during 2006–2015 (P2 period) as shown in Figure 9B, while

positive anomalies of 850 hpa geopotential height in the same

region can be found in positive PDO phase during 1992–2005

(Figure 9A). This is consistent with previous findings that

negative PDO will be favorable for the negative anomalies of

geopotential height at 850 hPa in this region, and lower

geopotential height over the Middle East and Africa will

facilitate the formation of the cyclones that are important

for the spring peak of dust storms (e.g., Dayan et al., 2008; Pu

and Ginoux 2016). The opposite pattern can be found for the

P1, with positive anomalies of geopotential over the Arabian

Peninsula, and this is favorable for the weaking of spring dust

activities in the region.

FIGURE 5
Vertically integrated moisture flux convergence/divergence (VIMF, shaded, unit: 10−5 kg m−2 s−1) over the lower-middle layers of troposphere
(1,000–700 hPa), superimposed with vertically integrated moisture transportation vector (arrows, Unit: kg m−1s−1) during MAM season (A)
climatology averaged over 1979–2018; (B) anomalies for P1 period (1992–2005) from the climatology and (C) anomalies for P2 period (2006–2015)
from climatology, corresponding to the decadal variation of spring DiSDF over western Iran. The reference arrow for moisture transportation
vector is 1 kg m−1s−1 for climatology and 0.1 kg m−1s−1 for anomalies. The white dots (B,C) indicate the statistical significance at the 95% confidence
level.
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4 Conclusion and discussion

Based on station observation data, we revealed a decadal

change of dust in-suspension day frequency over western Iran,

and further pointed out that the atmospheric circulation may

play an important role in modulating this decadal variation.

Two periods with strong (P2: 2006–2015) and weak (P1:

1992–2005) dust activities are identified, then the surface

wind, precipitation, soil moisture, water vapor transport

and divergence during P1 and P2 are compared. The results

show the northwesterly winds, which can either enhance the

dust emission locally or transport dust from the

main dust source areas to western Iran, predominate in

P2 than P1.

There is anomalous convergence in the lower to middle

troposphere over the western Iran in P1, resulting in more

moisture transport from southern seas to the upper region

and thus more precipitation in this period. The moisture

FIGURE 6
The UV-wind climatology and anomalies at 1,000–850 hPa (averaged at the seven levels: 1,000, 975, 950, 925, 900, 875, 850 hPa available
from ERA5 reanalysis) during MAM season (A) climatology averaged over 1979–2018; (B) anomalies for P1 period (1992–2005) from the climatology
and (C) anomalies for P2 period (2006–2015) from climatology, corresponding to the decadal variation of spring DiSDF over western Iran. Colored
shading indicates the wind speed (unit: ms−1) and is superimposed with wind vector. The reference arrow for wind vector is 4 ms−1 for
climatology and 0.2 ms−1 for anomalies. The white dots (B,C) indicate the statistical significance at the 95% confidence level.
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transport is closely relatively to the large-scale circulations

including subtropical high-pressure system on Saudi Arabia

as pointed out (Darand and Pazhoh 2019). In contrast, in

P2 the negative anomalies of spring precipitation and soil

moisture are evident over the region because of anomalous

water vapor divergence. The negative anomalies of spring

precipitation and evident has also led to the deteriorated

vegetation cover in P2 in the western Iran, which also partly

contributes to the high dust frequency in P2. In addition, the

SST anomalies show distinct differences between the decadal

change of DiSDF in P1&P2. The findings showed that a

negative PDO is connected with circulation and geopotential

height patterns favorable to high dust frequency in P2 in the

western Iran. Previous studies have shown the PDO

influences the climate factors and thus on dust in Arabian

Peninsula and Syria at interannual scales (e.g., Notaro et al.,

2015; Pu and Ginoux 2016). The periods of their analysis are

relative short, and our study further give direct evidence on

the dominant impacts of PDO on dust variations in western

Iran on decadal scales. Even the significant decadal

correlation between DiSDF and IOBM can be found, this

correlation is no longer significant after removing the

influence of PDO, and this suggests that IOBM may serve

as an intermediary for the impact of PDO on DiSDF in

western Iran.

With respect to various sources of dust in the Middle East,

western Iran is affected by local and transported dust storms.

In general, western Iran shows similar decadal changes in dust

activity with Saudi Aria during 1988–2012, which suggests

that decadal dust activities in both western Iran and Saudi

Arabia are all associated with decadal changes in regional

climate and circulations. However, whether other regions of

Middle East other than Saudi Arabia and western Iran, such as

Syria, Iraq and Sudan, experienced similar decadal variations

need further confirmation with dust observations in these

regions. In particular, as dust particles in these regions can be

transported to affect western Iran, it is desirable to separate

the contributions of these upstream areas to the decadal

variations of dust activities in western Iran, as revealed in

this study. Numerical simulation with meteorological models

could be conducted to quantify the impacts of dust

transportation and local dust emission on the dust storm

episode, as well as the variation of dust activities in

different time scales (e.g., Ledari et al., 2022). In addition

to western Iran, other parts of Iran, in particular eastern Iran

which is regarded as one of the most dusty regions in Middle

East, also suffer from heavy dust pollution (Rashki et al.,

2021), and it is desirable to conduct similar analysis as in this

study for these regions to enhance our understanding of dust

variations in Middle East.

FIGURE 7
Anomalies of decadal sea surface temperature (unit: °C) for (A) P1 (1992–2005) and (B) P2 (2006–2015), relative to climatological mean
corresponding to the decadal variation of spring DiSDF over western Iran. The climatology (Clim) is calculated for the 1979–2018 period. The black
dots indicate the statistical significance at the 95% confidence level.
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